Abstract-This letter presents a finite-impulse response (FIR) filter implemented using segmented photodiodes, which provides a bandwidth enhancement or a partial frequency response equalization for a silicon photodiode. The FIR filter utilizes an LC ladder network for its delay cells, where each segmented photodiode constitutes the ladder network. The measurement results show that the three-tap high-pass FIR filter incorporating segmented photodiodes designed for maximum bandwidth equalization achieves a bandwidth improvement of 7.4 times compared with that of a photodiode without segmentation and filtering. The upper bound of the equalization frequency of the three-tap high-pass FIR filter designed in this letter for maximum peaking frequency equalization is 14 times of the photodiode bandwidth.
I. INTRODUCTION
O PTICAL interconnects are progressively penetrating into short-reach data communications due to their high bandwidth, low crosstalk, and negligible channel loss characteristics. The speed of the photodiode is crucial in implementing a high data-rate optical receiver. The photodiode affects the entire receiver's frequency response characteristic in two ways. First, the parasitic capacitance of the photodiode introduces a pole (electrical bandwidth) in the receiver's transfer function which is in general the dominant pole. Second, as the photogenerated carriers experience drift and diffusion inside the device, its responsivity has input modulation frequency dependency whose bandwidth (physical bandwidth) is determined by the slow diffusion carrier speed. The lower of these two types of bandwidths limits the speed of the photodiode, and silicon (Si) photodiode is well known for its low physical bandwidth which is around several tens to several hundreds of MHz depending on the device structure [1] .
Series inductive peaking has been applied to the photodiode to increase the electrical bandwidth caused by the photodiode parasitic capacitance [2] , [3] . Common approach to overcome the physical bandwidth limitation is by employing a spatially-modulated photodiode to cancel out the slow diffusion carriers [4] , [5] finite-impulse response (FIR) filter using two photodiodes is demonstrated in [6] . However, the area is relatively large for the design in [6] since long optical waveguides are used as the delay cells of the FIR filter. In this letter, we present an FIR filter implemented using segmented photodiodes that can simultaneously address the photodiode gain loss due to the limited electrical and physical bandwidths. The electrical delay cells are implemented using LC ladder network obviating the need for long optical waveguides. The rest of this letter is organized as follows. The FIR filter implementation using the segmented photodiodes is discussed in Section II. Section III explains about the example designs, and the measurement results are presented in Section IV. Finally, Section V concludes this letter.
II. FIR FILTERING FOR PHOTODIODE EQUALIZATION
In this section, we discuss the implementation of an analog continuous-time FIR filter using a photodiode segmentation method. The method provides a peaking gain at certain peaking frequency to improve the photodiode bandwidth or partially compensate the frequency response of a photodiode. The peaking frequency is affected by the parasitic capacitances of the segmented photodiodes as well as the tap coefficients. As delay cells of the FIR filter, a low-pass LC ladder network is realized utilizing the parasitic capacitances of the segmented photodiodes along with additional inductors.
A. LC Ladder Network
The LC ladder network can be designed using the image method. Fig. 1(a) shows a two-port L-section which is the building element of the ladder network. The image admittance for port 1 of the L-section is defined as the input admittance looking into the port 1 when the port 2 is terminated by 1041-1135 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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its associated image admittance. The image admittances of port 1 and port 2 are not the same since the section is not symmetric. A clever way of obtaining the image admittance of an L-section is illustrated in Fig. 1 
where ω is the angular frequency. Y i1 at dc is given by (2) and the cut-off frequency (ω c ) is given by (3) .
Y i1 is purely real and purely imaginary below and above ω c , respectively. The time delay provided by an L-section is given as
The two reasons for adopting the LC ladder network for FIR filter implementation are its frequency independent L-section delay and its identical admittance property up to roughly ω c at the port 1 of each ladder composing L-section. If we terminate the left side of the π-section in Fig. 1(b) with Y i1 , the admittances looking into the right and the left directions from the port 1 of both L-sections become Y i1 . This property is also valid for the case where a cascade of multiple π-sections is terminated by Y i1 at both ends.
B. High-Pass FIR Filter
An FIR filter with a high-pass frequency response can be realized by using both negative and positive tap coefficients at the penalty of low frequency gain reduction. This can be used to compensate the frequency response of a photodiode that has a physical bandwidth lower than its electrical bandwidth. Fig. 2 Fig. 2(a) . The parameter b can be set to any value between 0.5 to 1 depending on the required peaking gain and frequency. We assumed that the photocurrent and the parasitic capacitance of a photodiode segment are proportional to the degree of the segmentation. Extra parallel capacitances (C X 1 ) are added to the segmented photodiodes at the edges to fulfill the π-section condition.
As explained in the previous sub-section, the admittances looking into the left and the right directions at nodes n 1−3 in Fig. 2(a) are more or less the same below ω c . Therefore, the generated photocurrent from each segment will be equally divided, and flow toward both terminations at the ends. Fig. 2(b) shows a block diagram representation of the high-pass FIR filter shown in Fig. 2(a) . This representation is valid in the frequency range below ω c where the ladder network acts as analog delay cells. The unit delay ( ) of this FIR filter is given as
where C pd and G L /2 are the total parasitic capacitance of the photodiode and the conductance used for the terminations at both ends, respectively. It is obvious from the diagram that using the output current signal from only one side would result in a loss of half of the total photocurrent. However, due to the symmetric nature of the filter tap coefficients, the output current signals (I ol (t) and I or (t)) can be added to prevent the signal loss by utilizing a current summer. Fig. 3 shows the simulated frequency responses of the 3-tap high-pass FIR filter shown in Fig. 2 whose transfer function is defined as (I ol ( f ) + I or ( f ))/I pd ( f ). The frequency and group delay are normalized to the electrical bandwidth (ω 3d B ) of the raw photodiode which is given as
Notice that gain boosting is achieved at ω 3d B rather than 3 dB gain loss with respect to the dc gain which is the case for the raw photodiode. The performances of 3-tap high-pass FIR filters with different b values are summarized in Table I . The group delay variation would reduce once the frequency dependent responsivity of the photodiode is taken into account. Although a 3-tap FIR filter for high-pass response has been discussed in this sub-section, the design method can also be applied to filters with larger tap numbers for a reduced group delay variation. As the number of π-section increases, 
TABLE I SIMULATED PERFORMANCE SUMMARY OF 3-TAP HIGH-PASS FIR FILTERS
the operation of the ladder network approaches to that of an ideal FIR filter with a linear phase response, since ω c of the ladder network increases with the increasing number of segments.
III. EXAMPLE DESIGNS
We have implemented 3-tap high-pass FIR filters using discrete Si photodiodes (SFH 206K Osram) and passive components on a printed circuit board (PCB) as proof-ofconcept designs. The objective of these example designs is to demonstrate how the high-pass FIR filter implemented using segmented photodiodes can compensate the magnitude response of its constituent Si photodiode in two different ways. The small-signal equivalent circuit of the filters is shown in Fig. 4 . The biasing components (C B and R B ) are used to separately bias each segmented photodiode intended for different polarity tap coefficient. When choosing the values for C B and R B , the passband requirement has to be taken into account since the product of those two determines the lower −3 dB cut-off frequency. Moreover, C B has to be sufficiently large so that the photodiode's parasitic capacitance remains as the dominant capacitive component in the shunt element of the ladder.
A nominally identical discrete photodiode, which has a parasitic capacitance of 10 pF at a reverse bias voltage of 25 V, is used for each segment of the 3-tap FIR filter. The unequally weighted tap coefficients are generated by applying different optical input power to each discrete photodiode. The tap coefficients are chosen in such a way that the peaking gain would compensate the gain loss of the photodiode magnitude response. A 50 resistive load and the input impedance of the test equipment are used for the terminations.
The design for maximum peaking frequency equalization (MPFEQ) provides maximum equalization frequency for a raw Si photodiode with total parasitic capacitance (C pd ) of 33 pF. In order to emulate the on-chip photodiode segmentation, a design constraint on mid-segment has been applied so that the proportion of the photocurrent and parasitic capacitance from their respective total quantities should be the same (C X 2 = 0). The design for maximum bandwidth equalization (MBEQ) is enabled by adding an extra parallel capacitance (C X 2 = 0) to the mid-segment photodiode to reduce the peaking frequency. The capacitive component of the shunt element at the edges is set to 10 pF for both MPFEQ and MBEQ to satisfy the π-section condition and to adjust the shape of the magnitude response, respectively. The design parameters for MPFEQ and MBEQ are listed in Table II. IV. MEASUREMENT RESULTS Fig. 5 depicts the measurement setup. An 850 nm laser diode in conjunction with an external modulator produces the optical signal. The generated signal is then divided into three portions by using two 50:50 splitters and an attenuator. The three fiber branches carrying the weighted optical input signals are aligned with the three discrete photodiodes on a PCB. Fig. 6 shows the measured magnitude responses of the raw Si photodiode, MPFEQ, and MBEQ. The −3 dB bandwidth of the raw Si photodiode (C pd = 33 pF) is Although there is no bandwidth improvement for MPFEQ, the magnitude response of the raw Si photodiode is partially compensated in the frequency range between 132 MHz to 308 MHz at the cost of about a 13 dB of low frequency gain reduction. The gain loss below 132 MHz can be easily compensated with the aid of an equalizer circuit for a complete equalization. The low frequency gain reductions for MBEQ and MPFEQ are the results of using the filter tap coefficients with different polarities as shown in Table II . Fig. 7 shows Measured eye-diagrams of (a) raw photodiode and (b) MBEQ at 250 Mb/s. the eye-diagrams of raw Si photodiode and MBEQ for 2 9 − 1 PRBS input signal at 250 Mb/s. Due to the enhanced bandwidth, the MBEQ suffers less from inter-symbol interference than the raw photodiode at 250 Mb/s, and shows a better eye-diagram measurement result.
V. CONCLUSION
The use of a high-pass FIR filter incorporating segmented photodiodes for photodiode bandwidth enhancement or partial equalization is described in this letter. The measurement results show that an example 3-tap high-pass FIR filter designed for MBEQ improves the bandwidth of Si photodiode by a factor of 7.4. The upper bound of the equalization frequency of the FIR filter designed for MPFEQ is 14 times of the photodiode physical bandwidth. The upper bound of the equalization frequency is largely affected by the electrical bandwidth (parasitic capacitance) of the photodiode. Thus, applying the proposed high-pass FIR filtering technique to an on-chip Si photodiode that has a parasitic capacitance (in the order of hundreds of fF) much smaller than its discrete counterpart would enable equalization in GHz range, making it suitable for > 10 Gb/s short-reach Si photonics applications.
